Jaggar, Jonathan H., and Mark T. Nelson ) regulate a variety of cellular processes, ranging from cellular contraction to gene expression (for review see Ref. 6) . Recently, the view that the global intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) is homogeneously distributed in cells has been altered by the discovery of local and global subcellular Ca 2ϩ signaling events (for reviews see Refs. 2, 6, 18) . Frequency and amplitude modulation of these events, in addition to the subcellular localization of the Ca 2ϩ signal, can lead to the regulation of discrete Ca 2ϩ -sensitive cellular processes (2) . In arterial smooth muscle, two distinct local Ca 2ϩ signaling events have been described (termed "Ca 2ϩ sparks" and "Ca 2ϩ waves"), which differ with respect to temporal kinetics and spatial localization. Interestingly, Ca 2ϩ sparks and Ca 2ϩ waves have also been proposed to have opposing effects on arterial contractility (16, 30) .
Ca
2ϩ sparks have been characterized in cardiac (5), skeletal (22, 43) , and smooth muscle cells (30) and occur due to the opening of a number of sarcoplasmic reticulum (SR) ryanodine-sensitive Ca 2ϩ -release (RyR) channels, resulting in a rapid, highly localized increase in [ (19, 30) . In arterial smooth muscle, the majority of Ca 2ϩ sparks occur very close to the sarcolemma and activate a number of Ca 2ϩ -sensitive potassium (K Ca ) channels (30, 32) [previously referred to as a spontaneous transient outward current or "STOC" (1)]. A single Ca 2ϩ spark is capable of inducing a significant membrane potential hyperpolarization [ϳ20 mV (7, 18) ] and, when averaged across the arterial wall, a tonic hyperpolarization of the smooth muscle membrane potential (18, 23, 30) . Inhibition of Ca 2ϩ sparks leads to membrane potential depolarization, activation of voltage-dependent Ca 2ϩ channels, an increase in the [Ca 2ϩ ] i , and vasoconstriction (23, 30) . Spontaneous transient inward currents ("STICs"), which occur due to the activation of a number of Ca 2ϩ -activated Cl Ϫ (Cl Ca ) channels have been described in some types of smooth muscle (for review see Ref. 25) . In guinea pig tracheal myocytes, Ca 2ϩ sparks have been described to activate STICs (48) , and a single Ca 2ϩ spark can activate both K Ca and Cl Ca channels, which results in an outward K Ca current followed by an inward Cl Ca current (termed a "STOIC") (48) .
In (16, 26) . RyR channels may also contribute to Ca 2ϩ waves, since IP 3 -mediated Ca 2ϩ release can activate RyR channels (3).
We sought to determine the mechanisms by which vasoconstrictors modify Ca 2ϩ signaling pathways in arterial smooth muscle. In general, vasoconstrictors stimulate phospholipase C (PLC) through activation of an associated G protein (G q ). PLC cleaves phosphatidylinositol bisphosphate to diacylglycerol (DAG) and IP 3 . Each of these second messengers will have distinct effects in the cell. DAG activates protein kinase C (PKC) and IP 3 activates IP 3 receptors in the SR membrane, leading to Ca 2ϩ release. We have previously shown that activators of PKC decrease the frequency of Ca 2ϩ sparks in isolated cerebral artery smooth muscle cells, which may occur through a direct effect of PKC on the RyR channel (4). The actions of vasoconstrictors will not only involve actions of PKC but will also be mediated through increases in the cytoplasmic IP 3 and intracellular Ca 2ϩ concentrations. Activation of IP 3 receptors could have opposing effects on RyR channels by increasing cytoplasmic [Ca 2ϩ ], which will activate RyR channels (19, 30) , and by decreasing SR Ca 2ϩ load, which will inhibit RyR channels (49) . Therefore, the impact of vasoconstrictors on Ca 2ϩ sparks is unclear. We tested the hypothesis that the concerted actions of signal transduction pathways from vasoconstrictors leads to a decrease in Ca 2ϩ sparks and an elevation of Ca 2ϩ waves. Uridine 5Ј-triphosphate (UTP), a potent vasoconstrictor of cerebral arteries (44) , binds to P2Y receptors linked to PLC in smooth muscle cells (12, 39, 40) . UTP-induced changes in subcellular Ca 2ϩ signaling (Ca 2ϩ sparks and Ca 2ϩ waves) were measured in the smooth muscle cells of intact endothelium-denuded cerebral arteries, using a laser scanning confocal microscope and the fluorescent Ca 2ϩ dye fluo 3. The effects of UTP on transient K Ca currents in isolated voltage-clamped smooth muscle cells were examined. SR Ca 2ϩ load was monitored by applying a high concentration of caffeine (10 mM) Patch-clamp electrophysiology. Individual smooth muscle cells were enzymatically dissociated from cerebral arteries in a manner similar to that previously described (36) . K ϩ currents were measured using the whole cell, perforated-patch configuration (14) of the patch-clamp technique (11), using an Axopatch 200A amplifier (Axon Instruments, Foster City CA). Bathing (6 K ϩ ) solution was PSS (composition described previously). The pipette solution contained (in mM) 110 potassium aspartate, 30 KCl, 10 NaCl, 1 MgCl 2 , 10 HEPES, and 0.05 EGTA (pH 7.2 with KOH). Membrane currents were recorded (sample rate 2 kHz; filtered at 500 Hz) at Ϫ40 mV. To determine the mean amplitude and frequency of transient K Ca currents, analysis was performed off-line using a custom analysis program. The threshold of detection for these events was set at 2.5 times the single-channel amplitude at Ϫ40 mV or at 4.9 pA. In the presence of ryanodine or thapsigargin, the simultaneous opening of three single K Ca channels was not observed at Ϫ40 mV (4, 30, 34 sparks were detected using custom analysis software written in our laboratory by Dr. Adrian Bonev (using IDL 5.0.2; Research Systems, Boulder, CO). Detection of Ca 2ϩ sparks was performed by dividing an area 1.54 m (7 pixels) ϫ 1.54 m (7 pixels) (i.e., 2.37 m 2 ) in each image (F) by a baseline (F 0 ) that was determined by averaging 10 images without Ca 2ϩ spark activity. Ca 2ϩ spark frequency in intact arteries, under a given condition, was determined by measuring the number of sparks that occurred in two 56.3 m ϫ 52.8 m areas (ϳ20 cells) each scanned for 10 s. Mean data for each condition is the subsequent average Ϯ SE of these artery frequency values. Ca 2ϩ spark amplitude was calculated as F/F 0 . Ca 2ϩ spark and Ca 2ϩ wave activity were measured on the same cells. Ca 2ϩ waves were detected by eye by placing 2.2 m ϫ 2.2 m (10 ϫ 10 pixels) boxes in individual myocytes, and referring to a change in F/F 0 Ͼ1.3 that remained elevated for Ͼ200 ms. Global F/F 0 for a given condition was calculated as the mean pixel value of 60 different images acquired over 10 s. Changes in global F/F 0 under certain conditions were determined in paired arteries.
Statistical analysis. Values are expressed as means Ϯ SE. Paired and unpaired Student's t-tests were performed where appropriate, with P Ͻ 0.05 considered significant.
Chemicals. Unless otherwise stated, all chemicals used in this study were obtained from Sigma Chemical (St. Louis, MO). Bisindolylmaleimide I (Bis I) was purchased from Calbiochem (La Jolla, CA). All experiments were conducted at room temperature (20-22°C).
RESULTS

UTP decreases Ca
2ϩ spark frequency in the smooth muscle cells of intact cerebral arteries. The effects of UTP on Ca 2ϩ sparks were examined in intact cerebral arteries using a laser scanning confocal microscope and the fluorescent Ca 2ϩ dye fluo 3. The bathing solution contained 30 mM K ϩ to depolarize the smooth muscle cells to approximately Ϫ40 mV, a membrane potential similar to that observed in cerebral arteries pressurized to 60 mmHg (23, 30) . Arteries were endothelium denuded (for procedure see METHODS) to avoid any effects of endothelium-derived relaxing factors (29, 47) on Ca 2ϩ signaling mechanisms in the smooth muscle cells. Figure 1A Ca 2ϩ sparks were not observed in the absence or presence of UTP (30 M) in myocytes of intact cerebral arteries (n ϭ 6 arteries) that had been pretreated with ryanodine (10 M, 15 min), suggesting that all Ca 2ϩ sparks were due to Ca 2ϩ release through RyR channels in the SR membrane. These results demonstrate that UTP decreases Ca 2ϩ spark frequency in the smooth muscle cells of intact cerebral arteries.
UTP increases the frequency of Ca 2ϩ waves in the smooth muscle cells of intact cerebral arteries. Vasoconstrictors have been shown to increase the frequency of Ca 2ϩ waves in myocytes of rat tail artery (16) and to increase the frequency of Ca 2ϩ oscillations in rat mesenteric artery myocytes (26) . In contrast to Ca 2ϩ sparks, which are rapid, highly localized intracellular Ca 2ϩ transients, Ca 2ϩ waves are propagating global Ca 2ϩ events. Figure 2A illustrates the same 56.3 m ϫ 52.8 m images (top) illustrated in Fig. 1A .
Under control conditions, Ca 2ϩ waves were observed, on average, in 11.2 Ϯ 4.6% of myocytes (n ϭ 176 cells; 9 arteries; Figs. 2A and 3 ). UTP at 10 and 30 M increased the frequency of Ca 2ϩ waves to 36.3 Ϯ 14.4% of myocytes (n ϭ 81 cells; 4 paired arteries) and 78.7 Ϯ 13.3% of myocytes (n ϭ 118 cells; 5 paired arteries), respectively (Fig. 3) . The mean propagation velocity of Ca 2ϩ waves in control (10 Ϯ 3 m/s; range ϭ 7-13 m/s, n ϭ 5 waves) was elevated by UTP (30 Ϯ 20 m/s; range ϭ 10-59 m/s, n ϭ 10 waves). The average fractional fluorescence (F/F 0 ) of the acquisition area (over 10 s) was significantly increased 1. (30, 32) . If UTP decreases Ca 2ϩ spark frequency, then it should also decrease the frequency of transient K Ca currents. In isolated voltage-clamped (Ϫ40 mV) cerebral artery myocytes, UTP at 10 and 100 M decreased transient K Ca current frequency by 65.8 Ϯ 12.7% (n ϭ 5) and by 98.9 Ϯ 0.6% (n ϭ 3), respectively (Fig. 4, A and B) . UTP (10 and 100 M) reduced mean transient K Ca current amplitude by 43.0 Ϯ 12.7% (n ϭ 5) and by 52.6 Ϯ 20.6% (n ϭ 3), respectively (Fig. 4, A and B) . Inhibition of transient K Ca currents was sustained throughout UTP application (at least 10 min) and was readily reversible on washout (Fig. 4A) . Figure 4A also ] i was measured in isolated cerebral artery myocytes using a conventional Ca 2ϩ imaging system and the ratiometric Ca 2ϩ indicator fura 2. To determine SR Ca 2ϩ load, caffeine (10 mM), which increases the affinity of the Ca 2ϩ activation site on the RyR channel for Ca 2ϩ (33) , was applied to isolated cerebral artery myocytes, to maximally acti- ] i under control conditions were compared with those obtained 10 min after application of UTP (10 M). Application of UTP induced repetitive Ca 2ϩ transients (Fig. 5 ) that may represent the Ca 2ϩ waves we observed in intact arteries (Fig. 2, A and B) (Fig. 6, B and C) (15) . Cd 2ϩ (250 M) significantly reduced the mean frequency of transient K Ca currents by 54.5 Ϯ 6.6% (P Ͻ 0.05) but did not change mean amplitude (n ϭ 7, Fig. 7, A-C) . In the presence of Cd 2ϩ (250 M), UTP (30 M) reduced transient K Ca current frequency by 77.9 Ϯ 6.7% (Fig. 7, A and B ; P Ͻ 0.05) and mean transient K Ca current amplitude by 57.2 Ϯ 11.2% (n ϭ 7; P Ͻ 0.05; Fig. 7, A-C) . These results demonstrate that UTP inhibits transient K Ca currents independently of changes in Ca 2ϩ channel activity. (33) . At concentrations Ͻ1 mM, caffeine has been demonstrated to increase the frequency of Ca 2ϩ sparks in isolated smooth muscle cells from cerebral artery (9) , portal vein (27) , and airway (38) . If PKC inhibits Ca 2ϩ sparks through decreasing RyR channel Ca 2ϩ sensitivity, a number of testable predictions exist: 1) caffeine should reverse UTP-induced Ca 2ϩ spark inhibition, and 2) UTP should decrease caffeine activation of Ca 2ϩ sparks, i.e., increased concentrations of caffeine should be required to activate Ca 2ϩ sparks when applied in the presence of UTP.
Caffeine reverses UTP-induced inhibition of tran-
First, the concentrations of caffeine that would induce stable activation of transient K Ca currents in voltage-clamped cerebral artery myocytes were determined. Caffeine (25 M) significantly increased the frequency of transient K Ca currents by 188.2 Ϯ 12.6% (n ϭ 5; P Ͻ 0.05, Fig. 8, A and B) , whereas the mean amplitude of transient K Ca currents did not change (n ϭ 5, Fig. 8B ). Transient K Ca current activation was maintained throughout application of caffeine (25 M), and mean amplitude did not change, suggesting that SR Ca 2ϩ load did not decrease (49) . In contrast, when applied in the presence of UTP (30 M), caffeine (25 M) did not change the frequency of transient K Ca currents (n ϭ 4, Fig. 8, A and C) .
UTP reduced caffeine activation of transient K Ca currents even at a much higher concentration. When applied to myocytes in the absence of UTP, 500 M caffeine induced a large transient outward K ϩ current (Fig. 8A , mean ϭ 602.8 Ϯ 180.4 pA, n ϭ 4 cells), which would correspond to the activation of Ͼ300 K Ca channels. The caffeine-induced K ϩ transient was probably due to the simultaneous activation of a large number of RyR channels that would significantly raise [Ca 2ϩ ] i (e.g., see Ref. 21) . However, when applied in the presence of UTP (30 M), 500 M caffeine did not induce a large transient outward K ϩ current, but significantly increased the frequency of transient K Ca currents from 5.1 Ϯ 3.2% to 35.1 Ϯ 11.7% of the value measured in the absence of UTP (n ϭ 6, P Ͻ 0.05, Fig. 8, A and C) .
These results indicate that UTP reduced caffeine activation of Ca 2ϩ sparks and suggest that UTP reduces the Ca 2ϩ sensitivity of RyR channels.
DISCUSSION
We provide the first evidence that UTP, a potent vasoconstrictor (44) that activates PLC (12, 39, 40) , inhibits Ca 2ϩ sparks and activates Ca 2ϩ waves in the smooth muscle cells of small cerebral arteries. Our results are consistent with the idea that inhibition of Ca 2ϩ sparks is through the activation of PKC and activation of Ca 2ϩ waves is through other mechanisms (e.g., elevation of IP 3 and [Ca 2ϩ ] i ). In addition, our data suggest that PKC inhibits Ca 2ϩ sparks by decreasing the Ca 2ϩ sensitivity of RyR channels (Fig. 9) . UTP inhibits Ca 2ϩ sparks in cerebral artery myocytes. UTP decreased the frequency of Ca 2ϩ sparks in the myocytes of intact cerebral arteries. It is conceivable that an increase in the frequency of Ca 2ϩ waves could reduce the effectiveness of Ca 2ϩ spark detection, which would lead to an observed decrease in Ca 2ϩ spark frequency. A Ca 2ϩ wave is a propagating wave front that occurs at a relatively low frequency in a given cell (ϳ1 wave/10 s). The relative time that a Ca 2ϩ wave front would occlude Ca 2ϩ spark detection would be related to the percentage of time a Ca 2ϩ wave front is present in a cell, and the F/F 0 of the wave front (which is sufficiently high to occlude Ca 2ϩ spark detection, see Fig. 2 ). In the extreme condition (i.e., ϩUTP), Ca 2ϩ waves were observed in ϳ80% of cells during 10 s of acquisition. A Ca 2ϩ wave front occupies approximately one-eighth of the volume of a cell and takes ϳ2 s to travel the distance of the cell. Therefore, Ca 2ϩ waves alone would decrease detection of Ca 2ϩ sparks by no more than 10%. UTP (30 M) decreased Ca 2ϩ spark frequency by ϳ85% (Fig. 1, A and B) , indicating that the observed decrease in Ca 2ϩ sparks by UTP does not occur due to occlusion of these events by Ca 2ϩ waves. In support of this hypothesis, UTP induced a similar increase in Ca 2ϩ wave frequency in myocytes of control arteries and in arteries that had been pretreated with the PKC inhibitor Bis I. However, in control arteries, Ca 2ϩ spark frequency decreased with UTP, whereas, in arteries where PKC was blocked, Ca 2ϩ spark frequency increased. These experimental findings support the idea that UTP-induced reduction of Ca 2ϩ spark frequency is not simply due to the occlusion of these events through activation of Ca 2ϩ waves. load, based on our observation that caffeine-induced Ca 2ϩ transients were similar in the absence and presence of UTP. Furthermore, in the presence of the PKC blocker, UTP increased the frequency of Ca 2ϩ sparks and transient K Ca currents, and Ca 2ϩ spark amplitude (F/F 0 ) and transient K Ca current amplitude were unaffected (Fig. 6 ). These effects suggest that UTP-induced IP 3 channels, which would decrease the subsarcolemmal Ca 2ϩ concentration bathing the cytoplasmic face of RyR channels (13, 19) . Indeed, the blocker of voltagedependent Ca 2ϩ channels, Cd 2ϩ , reduced Ca 2ϩ spark frequency (Fig. 7) ] i ) (1, 21, 34), did not induce a large transient when applied in the presence of UTP but increased the frequency of transient K Ca currents. Our findings therefore suggest that UTP-induced activation of PKC inhibits Ca 2ϩ sparks through decreasing the Ca 2ϩ sensitivity of RyR channels (Fig. 9) .
UTP decreases the amplitude of transient K Ca currents. We have previously reported that activators of PKC reduce transient K Ca current amplitude in cerebral artery smooth muscle cells through inhibition of K Ca channels (4), and PKC activators have been demonstrated to inhibit K Ca channels in rat tail artery myocytes (37) . Here, the inhibitory effect of UTP on transient K Ca current amplitudes was prevented by pretreatment with the PKC inhibitor (Figs. 6, B and C) . The reduction in transient K Ca current amplitude to UTP (Fig. 4) is probably due to PKC inhibition of K Ca channels, particularly since Ca 2ϩ spark amplitude was not affected by UTP. Direct PKC inhibition of K Ca channels would contribute to the mean decrease in K Ca channel activity.
UTP increases the frequency of Ca 2ϩ waves independently of PKC activation. UTP increased the frequency of Ca 2ϩ waves in cerebral artery myocytes. UTP is known to augment Ca 2ϩ release via a PLC-mediated (12, 39, 40) increase in the cytoplasmic concentration of IP 3 (40) . Furthermore, we observed a similar increase in Ca 2ϩ wave frequency in myocytes of intact arteries when PKC was blocked with Bis I, suggesting the increase in Ca 2ϩ wave frequency was not mediated by cADP-ribose, a metabolite of ␤-NAD, induces SR Ca 2ϩ release through RyR channels in permeabilized porcine tracheal myocytes (35) and rabbit intestine longitudinal but not circular (24) smooth muscle. However, the physiological role of cADP-ribose-induced Ca 2ϩ release is unclear in smooth muscle, since it does not contract permeabilized rabbit tracheal, human bronchial, or guinea pig ileum smooth muscle strips (17) , but inhibition of cADP-ribose formation relaxes bovine coronary artery (8) . Furthermore, cADP-ribose has been shown to inhibit IP 3 -mediated Ca 2ϩ release in A7r5 cells (28) but is proposed to be necessary for initiating acetylcholine-induced [Ca 2ϩ ] i oscillations in porcine tracheal smooth muscle (35) . The role of cADPribose in vasoconstrictor-mediated Ca 2ϩ signaling pathways remains to be established.
Physiological relevance of UTP regulation of Ca 2ϩ sparks and Ca 2ϩ waves. Inhibition of Ca 2ϩ sparks with ryanodine and block of K Ca channels with iberiotoxin induce a 10-mV membrane potential depolarization of cerebral arteries (23, 30) . UTP depolarizes rat mesenteric artery (20) 
